We demonstrated recently that transplantation of olfactory ensheathing cells from the nasal olfactory mucosa can promote axonal regeneration after complete transection of the spinal cord in adult rat. Ten weeks after transection and transplantation there was signi®cant recovery of locomotor behaviour and restoration of descending inhibition of spinal cord re¯exes, accompanied by growth of axons across the transection site, including serotonergic axons arising from the brainstem raphe nuclei. The present experiment was undertaken to determine whether olfactory ensheathing cells from the olfactory mucosa are capable of promoting regeneration when transplanted into the spinal cord 4 weeks after transection. Under general anaesthesia, thoracic spinal cord at the T10 level was transected completely in adult rats. Four weeks later, the scar tissue and cavities at the transection site were removed to create a 3±4 mm gap. Into this gap, between the cut surfaces of the spinal cord, pieces of olfactory lamina propria were placed. Ten weeks later, the locomotor activity of these animals was signi®cantly improved compared with control animals, which received implants of either pieces of nasal respiratory lamina propria or collagen (Basso, Beattie, Bresnahan Locomotor Rating Scale scores 4.3 + 0.8, n = 6 versus 1.0 + 0.2, n = 10, respectively; P < 0.001). Ten weeks after transplantation the behavioural recovery was still improving. Regrowth of brainstem raphe axons across the transplant site was shown by the presence of serotonergic axons in the spinal cord caudal to the transection site, and by retrograde labelling of cells in the nucleus raphe magnus after injections of¯uorogold into the caudal spinal cord. Neither serotonergic axons nor labelled brainstem cells were observed in the control animals. These results indicate that olfactory ensheathing cells from the nasal olfactory lamina propria have the ability to promote spinal cord regeneration when transplanted 4 weeks after complete transection. Olfactory ensheathing cells are accessible and available in the human nose; the present study further supports clinical use of these cells in repairing the human spinal cord via autologous transplantation.
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Introduction
For many years spinal cord injury has been seen as clinically irreversible, although many attempts have been made in animals to regenerate the spinal cord using a variety of transplanted cell types. These include Schwann cells (Martin et al., 1991; Paino and Bunge, 1991; Paino et al., 1994) , oligodendrocyte precursors (Blakemore et al., 1995; Rosenbluth et al., 1997) , foetal neural tissue (KunkelBagden and Bregman, 1990; Bregman and Bernstein-Goral, 1991; Bernstein-Goral and Bregman, 1993; Iwashita et al., 1994) , peripheral nerves (David and Aguayo, 1981; Richardson et al., 1984; Houle, 1991; Cheng et al., 1996) ã Oxford University Press 2002
and stem cells, which can differentiate into multiple classes of neurones or glia (Kalyani et al., 1998; McDonald et al., 1999; Liu et al., 2000) .
Signi®cant progress has been made recently with the transplantation of olfactory ensheathing cells into spinal cord injuries. Following transplantation into a localized electrolytic lesion of the corticospinal tract in adult rats, olfactory ensheathing cells supported unbranched, regenerative growth of corticospinal axons and restoration of a corticospinaldependent paw-reaching function (Li et al., 1997 (Li et al., , 1998 . Olfactory ensheathing cells promoted regeneration after complete transection of the spinal cord (Ra Âmon-Cueto et al., 1998 and restored rapid and secure conduction across the transected dorsal columns of the rat spinal cord (Imaizumi et al., 2000) with recovery of motor function (Ra Âmon-Cueto et al., 2000) .
Given the remarkable behavioural recovery observed in the rat, could olfactory ensheathing cells be used to repair the human spinal cord? Before moving to human therapy there are several issues which should be addressed: (i) whether human olfactory ensheathing cells can also repair the damaged spinal cord; (ii) an accessible source of cells for human therapy; and (iii) the fact that human transplantation therapy is unlikely to commence for some time after the injury in order to allow the system to recover without intervention. The ®rst issue has been addressed in part: human olfactory ensheathing cells were recently shown to remyelinate the demyelinated spinal cord of the rat (Barnett et al., 2000; Kato et al., 2000) , although there are no studies of human olfactory ensheathing cells transplanted into the experimental models of spinal cord trauma.
The source of olfactory ensheathing cells for all the studies above, rat and human, was the olfactory nerve layer of the olfactory bulb. In rat these cells are quite accessible through the frontal bone of the skull. In adult humans, access to the olfactory bulb is very dif®cult and usually only accessible during major surgical procedures of the skull base, making this a problematic source for therapy. Olfactory bulbs could be obtained from aborted foetuses, but this raises serious ethical issues in addition to the technical issues of host±graft disease. Another source of olfactory ensheathing cells, not usually considered in the literature, is the olfactory mucosa in the nose where these cells ensheath the olfactory sensory axons as they pass through the lamina propria before entering the cranium through the cribriform plate. The use of nasal olfactory ensheathing cells raises the attractive possibility of autologous transplantation. Biopsy of the human olfactory mucosa is relatively straightforward and can be done under either general or local anaesthesia (Fe Âron et al., 1998 (Fe Âron et al., , 1999 . In the rat, the lamina propria has been separated from the overlying epithelium, and the olfactory ensheathing cells within it grown in vitro (Fe Âron et al., 1999) . We recently used this source of ensheathing cells for transplantation into the completely transected spinal cord of the adult rat (Lu et al., 2001) . Ten weeks after transection and transplantation there was signi®cant recovery of locomotor behaviour and recovery of descending inhibition of spinal cord re¯exes, accompanied by growth of axons across the transection site, including serotonergic axons arising from the brainstem raphe nuclei.
A key issue in the translation of these ideas to the clinic is whether nasal olfactory ensheathing cells could promote spinal cord regeneration if transplantation was delayed after the initial spinal cord transection. Neurosurgeons would be reluctant to do any transplantation during the acute injury phase for fear of aggravating injury or impeding recovery of residual function. In the rat there is evidence that the damaged spinal cord retains the ability for repair for at least 4 weeks. Chronically injured spinal axons can regenerate into intraspinal peripheral nerve grafts 4 weeks after injury (Houle, 1991) , and axonal regeneration of supraspinal neurones is enhanced by growth factors 4 weeks after injury (Ye and Houle, 1997) . The aim of the present study, therefore, was to investigate the potential of olfactory ensheathing cells to stimulate spinal cord regeneration when transplanted 4 weeks after complete transection.
Material and methods
Adult female Sprague±Dawley rats (250 g) were used in this study. They were housed singly with free access to food and water. All experimental protocols and procedures were approved by the animal ethics committees at the University of New South Wales and Grif®th University in accordance with guidelines of the National Health and Medical Research Council of Australia for animal research.
Rats were rendered paraplegic via a complete transection of the spinal cord at the T10 level as previously described (Lu et al., 2001) . Four weeks later the injury was resected in six animals and pieces of olfactory lamina propria containing olfactory ensheathing cells were placed into the gap created in the spinal cord (Lu et al., 2001) . Seven control animals received transplants of pieces of respiratory lamina propria, which do not contain olfactory ensheathing cells, and an additional three controls received implants of a collagen matrix alone. Locomotor behaviour was monitored weekly until 10 weeks after the transplantation, which was the maximum period allowed by the ethics committees. The animals were then killed and their spinal cords and brains assessed histologically.
Preparation of olfactory lamina propria
Rats were deeply anaesthetized with sodium pentobarbitol (100 mg/kg) and killed by decapitation. The nasal septum was freed by removal of the lower jaw, the upper teeth and the turbinate bones. The two olfactory mucosae lining the posterior part of the nasal septum and two similarly sized pieces of the respiratory mucosa lining the anterior part of the septum were dissected and immediately placed in ice-cold DMEM (Dulbecco's Modi®ed Eagle Medium) (Gibco, Mulgrave, Queensland, Australia). The olfactory mucosa is easily identi®ed in the rat by its posterior position on the nasal septum and by the yellowish appearance of the epithelial surface. Care was taken to avoid the anterior edge of the olfactory mucosa, which could be contaminated with respiratory epithelium. Respiratory epithelium was removed from the dorsoanterior region of the septum. The respiratory and the olfactory tissues were incubated separately for 45 min at 37°C in a 2.4 units/ml dispase II solution (Boehringer, Castle Hill, NSW, Australia) and, in both cases, laminae propriae were carefully separated from the epithelium under the dissection microscope with a micro-spatula. Before grafting, laminae propriae were incubated in a 10% solution of nuclear uorochrome bisbenzimide (Sigma) for 2 h at 37°C, and then rinsed three times with DMEM without serum.
Transplantation of olfactory lamina propria
The animals were placed on a heating blanket under general anaesthesia (ketamine/xylazine: 90/10 mg/kg, intraperitoneally). Complete transections of the spinal cord at the T10 level were performed as described previously (Lu et al., 2001) . Four weeks later, animals were re-anaesthetized and the dorsal laminectomy was extended to the T9 and T11 level. Under the surgical microscope, the scar tissue, intramedullary necrosis and cavities from the previous transection site were removed until normal cross-sections appeared in the spinal cord. After removal of the scar tissues the gap between the caudal and rostral stumps extended rostrocaudally 3±4 mm. This gap was irrigated with 0.9% saline and packed with Gelfoam to stop haemorrhage. Pieces of lamina propria (three to ®ve large pieces, cut into 1 mm 2 pieces) were then placed into the gap and covered with Gelfoam. As indicated above, experimental animals received transplants of olfactory lamina propria whereas controls received pieces of respiratory lamina propria, or Gelfoam alone. The wound was sutured closed keeping the muscle and skin layers separate. Postoperative care was as described previously (Lu et al., 2001) , including housing under a heating lamp during the ®rst postoperative week, expression of urine twice daily until a bladder re¯ex was re-established and prophylactic antibiotics to prevent urinary tract infection.
Behavioural assessment
The use of the legs during locomotion was measured by placing the animal in an open ®eld (150 Q 100 cm). All rats were manipulated to express the bladder before testing in order to eliminate behaviours related to bladder fullness. Locomotion was scored according to the Basso, Beattie, Bresnahan Locomotor Rating Scale (BBB) (Basso et al., 1995) . This scale measures hindlimb movements with a score of 0 indicating no spontaneous movement, with increasing scores for use of individual joints, coordinated joint movement, coordinated limb movement, weight-bearing and so on to a maximum score of 21. The rats were scored each week by two observers blind to treatment.
Retrograde labelling of descending axons
Ten weeks after transplantation, rats were anaesthetized as described above and the spinal cord was exposed below the transplantation site. Microinjections of the retrograde tracer, uorogold, were made into the spinal cord caudal to the transection site. Three injections (0.05 ml each) were made at the midline (at 0.5, 0.8 and 1.5 mm deep) and 1 mm lateral (0.4, 0.8 and 1.2 mm deep) on each side, to penetrate the dorsal columns and lateral funiculi. Injections were made at T12,~8±9 mm or two segments below the lesion.
Histological assessment
Two to three days after¯uorogold injection, all animals were perfused transcardially with 4% paraformaldehyde in 0.2 M phosphate buffer. The spinal cord encompassing the transplantation site, and the brainstem, were removed, post-®xed for 2 h in the same ®xative, cryo-protected in 30% sucrose and prepared for cryo-sectioning. The spinal cord was sectioned longitudinally at 30 mm. The brainstem was cut coronally at 50 mm. Three animals in each group were used to assess lesion morphology and spread of¯uorescent label from the injection site. Fluorescent labelling of retrogradely labelled cells in the brainstem was observed using confocal laser microscopy. The remaining animals (three experimental and seven controls) were used for immunohistochemistry on the spinal cord, for assessment of nerve ®bres expressing serotonin. After blocking with 5% normal goat serum, the sections were incubated in primary antibody [rabbit antiserotonin (DiaSorin Inc.) diluted 1 : 1000 in phosphatebuffered saline]. The following day, sections were washed with phosphate-buffered saline and incubated for 1 h in the secondary antibody (biotinylated goat anti-rabbit IgG, Sigma; diluted 1 : 200 in phosphate-buffered saline and 0.5% Triton X-100). This was followed by the Vector ABC procedure and visualization with 3,3¢-diaminobenzidine. The speci®city of immunostaining was veri®ed by omission of the primary antibody. Normal rat brainstem raphe neurones were used as positive controls.
Results

Recovery of locomotor behaviour
In the 4 weeks after the initial transection of the spinal cord, BBB scores were in the range 0±2, the same range found in the control animals (Fig. 1) . Following transplantation of the olfactory lamina propria, use of the hind limbs increased gradually, starting 2±3 weeks after transplantation (Fig. 1) . By 10 weeks after transplantation, ®ve of the six animals displayed BBB scores greater than that achieved by any of the 13 controls (Fig. 1) . The mean BBB score for the animals receiving olfactory transplants was 4.3 T 0.8 (mean T standard error) compared with the control mean of 1.0 T 0.3. This difference was signi®cant (P < 0.001, t-test). Four of the six experimental animals had ankle, knee and hip movements in one or both legs, but did not obviously bear weight on the hind limbs.
Motor axon regeneration
Regeneration of brainstem motor neurones was assessed in two ways. Axonal regrowth of the brainstem serotonergic system was assessed using immunohistochemistry in the caudal spinal cord to identify axons which had regenerated past the transection site. Axonal regeneration was also assessed by retrograde transport of¯uorogold from a caudal injection site into the brainstem.
Serotonin-immunoreactive axons were observed in the grey matter of the spinal cord caudal to the transection site in two of three animals receiving olfactory transplants (Fig. 2) . Similar immunoreative axons were never observed caudal to the transection site in the controls (seven animals examined), although such ®bres were always seen rostrally in all animals (Fig. 2) . In the olfactory-transplanted rats, the mean distance of serotonergic axons from the caudal interface of the graft was 3.2 T 0.6 mm, the longest distance being 4 mm. All of these serotonergic ®bres were located in the grey matter of the dorsal horn.
The injection site and lesioned cord was checked in three animals in each group to con®rm that there was no spread of uorogold across the lesion. Brainstem raphe neurones were retrogradely labelled with¯uorogold only in animals that received transplants of olfactory lamina propria (Fig. 3) . There was no retrograde transport of¯uorogold in control animals.
Discussion
The present study shows that olfactory lamina propria grafts can promote functional recovery after complete transection of the spinal cord, even when the initial transection was made 4 weeks previously. There was no recovery when respiratory lamina propria grafts were made in place of olfactory lamina propria. The locomotor recovery observed after delayed transplantation of olfactory lamina propria (the present experiments) is similar to that seen after transplantation of olfactory lamina propria and cultured nasal olfactory ensheathing cells and at the time of spinal transection (`acute transplants') (Lu et al., 2001) . This locomotor recovery appears to be dependent upon descending spinal motor pathways, as it is abolished after spinal cord retransection (Lu et al., 2001) . In both the delayed and acute transplants, there was a gradual increase in the movement of the hindlimbs over the 10-week observation period following the transplantation, with differences between controls and transplanted animals evident after 3 or 4 weeks. At the end of the observation period of 10 weeks, the use of the hindlimbs was still improving. The BBB scores re¯ect this. None of the control animals in either study (a total of 29 animals) achieved a score of more than 2. In comparison, ®ve out of the six animals in the present study achieved a score of at least 3 (83%), a similar proportion to that achieved in the acute transplantation study (15 out of 19; 79%). The BBB scale is a 21-point scale, designed to assess hindlimb locomotor recovery after thoracic spinal cord injury (Basso et al., 1995) . This scale categorizes combinations of hindlimb joint movements, trunk position and stability, stepping coordination, paw placement, toe clearance and tail position. The scale represents sequential stages of recovery that rats attain after spinal cord injury; it is widely known and accepted and provides a useful comparison with other studies. In the present study, the maximum score obtained 10 weeks after transplantation was a score of 6. This represents movement in ankle, knee and hip joints and dorsi¯exion of the foot with no coordination of movement between fore and hindlimbs and no weight-bearing. The maximum score after acute transplantation was 8, achieved 10 weeks after olfactory lamina propria transplants and 8 weeks after transplants of puri®ed olfactory ensheathing cells (Lu et al., 2001) . The BBB score we observed here 10 weeks after delayed transplantation is similar to that observed 20 weeks after acute transplantation of activated macrophages into the transected spinal cord (Rapalino et al., 1998) . This BBB score is also similar to the hindlimb movements reported previously 2 months after acute transplantation of olfactory ensheathing cells isolated from the olfactory bulb (Ra Âmon-Cueto et al., 2000) . It is possible that the BBB score would improve with further time after delayed transplantation, but this could not be explored further because the time-limit used here was imposed by the university ethics committees.
The regeneration of descending brainstem axons into the spinal cord caudal to the transection and graft site agrees with our earlier ®nding (Lu et al., 2001) , and was also observed after acute transplantations of olfactory bulb ensheathing cells into the transected spinal cord (Ra Âmon-Cueto et al., 2000) . Brainstem nuclei, such as raphe magnus neurones, brainstem reticular formation and locus coeruleus and red nucleus, normally project their axons to all levels of the spinal cord (Tracey, 1985) . Of these, we observed regeneration of axons from the raphe nucleus 10 weeks after delayed transplantation, although after acute transplantation we additionally observed regeneration of cells from the nucleus gigantocellularis (Lu et al., 2001) . These descending serotonergic paths are known to modulate spinal re¯exes (Magladery et al., 1951; Anderson, 1983; Burke et al., 1984) as well as regulating transmission in sensory pathways (Frazer et al., 1990; Marlier et al., 1991) . The degree of behavioural recovery after delayed transplantation would be consistent with the modulation of segmental re¯exes as shown after acute implantation (Lu et al., 2001 ). Thus, it is possible that the serotonergic regeneration seen here could have provided the modulation needed for the degree of ankle, knee or hip movement.
Transplantation of olfactory lamina propria has the dual advantage of being a reservoir for olfactory ensheathing cells as well as providing a physical bridge between the exposed stumps of the spinal cord. The respiratory lamina propria provides a similar bridging function but contains no olfactory ensheathing cells (Lu et al., 2001) , although it does contain most of the other cell types present in the olfactory lamina propria. The olfactory lamina propria integrates with the host to the extent that many cells move from the transplant and migrate signi®cant distances rostrally and caudally into the spinal cord (Lu et al., 2001 ). Although we did not con®rm that these were olfactory ensheathing cells immunochemically, similar migration of cells was not observed after respiratory lamina propria transplants, ruling out a contribution from shared cell types such as ®broblasts, endothelium or Schwann cells from the trigeminal nerve.
The normal role of olfactory ensheathing cells is to assist the growth of new axons during the continual regeneration of the olfactory sensory neurones, which occurs well into old age (Murrell et al., 1996) . Mechanisms for the promotion of spinal regeneration by olfactory ensheathing cells are not known, but a contributing factor may be their local secretion of growth factors, as is postulated for Schwann cells (Heumann et al., 1987; Meyer et al., 1992) . Spinal axon regeneration can be stimulated up to 4 weeks post-injury by local application of growth factors such as nerve growth factor, brain-derived growth factor and ciliary neurotrophic factor (Ye and Houle, 1997) . This may explain, in part, the ef®cacy of olfactory ensheathing cells, since they express all these growth factors (Guthrie et al., 1997; Woodhall et al., 2001) . Olfactory ensheathing cells also express a variety of other growth factors that could promote growth and survival of surrounding cells after transplantation including acidic and basic ®broblast growth factors, transforming growth factor-a, platelet-derived growth factors-a and -b and insulin-like growth factor-I and -II (for a recent review, see Mackay-Sim and Chuah, 2000) .
Human olfactory mucosa is relatively easy to biopsy via a simple endoscopic procedure under general (Fe Âron et al., 1998) or local anaesthesia (Fe Âron et al., 1999b) . Although there is no published method for culturing olfactory ensheathing cells from humans, they can be cultured from rat olfactory mucosa. The olfactory lamina propria containing the olfactory ensheathing cells can be removed from the overlying olfactory epithelium (Fe Âron et al., 1999a) , dissociated and cultured to produce a population of~50% olfactory ensheathing cells (Lu et al., 2001) . Current experiments in our laboratory are directed towards developing this method for the culture of human olfactory ensheathing cells from nasal biopsies, with the aim of providing large numbers of pure olfactory ensheathing cells for transplantation.
The present results provide an important step towards the use of nasal olfactory ensheathing cell transplantation for human clinical therapy by demonstrating that these cells can be useful in promoting functional recovery when transplantation is delayed after the original spinal cord injury. Although it is hard to compare the relative time-delay in humans represented by 1 month in the rat, the present results provide further evidence for the potential for use of nasal olfactory ensheathing cells in autologous transplantation in humans (Lu et al., 2001) .
